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Abstract: Establishment of a benchmark against which deleterious changes to an estuary can be 
evaluated requires validating that it has not been subjected to detrimental anthropogenic 
perturbations and then identifying the biological features which are indicative of a pristine condition 
and can thus be employed as indicators for detecting and monitoring departures from the natural state. 
The characteristics of the benthic macroinvertebrate fauna of an essentially pristine, seasonally-open 
estuary in Western Australia (Broke Inlet) have been determined and compared with those previously 
recorded for a nearby eutrophic, seasonally-open estuary (Wilson Inlet). Density was far lower in 
Broke than Wilson. Compositions differed radically at all taxonomic levels, with polychaetes 
contributing less, and crustaceans more, to the abundance in Broke. Average taxonomic distinctness 
was greater for Broke than both Wilson and 16 other temperate Southern Hemisphere estuaries, 
whereas the reverse was true for variation in taxonomic distinctness, emphasizing that Broke Inlet is 
pristine. 
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Thank  you  for  sending  me  the  reviewers  comments  for  our  paper  “The  use  of  benthic 
macroinvertebrates  to  establish  a  benchmark  for  evaluating  the  environmental  quality  of 
microtidal,  temperate  southern  hemisphere  estuaries”  (MPB-D-11-00707).  We  were 
delighted that our paper was acceptable for publication in Marine Pollution Bulletin, subject 
to us attending to the referee's comments.  
 
We were particularly pleased that the referee considered that we had put forward a strong 
case for the use of benthic macroinvertebrates fauna for assessing the health of microtidal 
estuaries in temperate regions of the southern Hemisphere. As you will see from the revised 
manuscript, which is attached, we have modified the text to accommodate all of the referee’s 
helpful comments. Thus, details are now provided on habitat diversity in Broke Inlet, the 
maximum depths sampled in both  estuaries and the ecological meaning of high and low 
values for variation in taxonomic distinctness and an additional reference to Kanandjembo et 
al. (2001) has been added.  With respect to the first comment on in the results, we have added 
a sentence to the first paragraph of section 2.3 pointing out that we were focusing on seasonal 
and depth differences recognising that conditions vary markedly among sites in any particular 
season. We also thank the referee for alerting us to a couple of typographical errors. 
 
We thank you and the referee for help with our paper and hope it is now in a shape that can 
be published in Marine Pollution Bulletin. 
 
Yours sincerely 
 
 James Tweedley 
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Abstract 
Establishment of a benchmark against which deleterious changes to an estuary can be evaluated 
requires validating that it has not been subjected to detrimental anthropogenic perturbations and then 
identifying the biological features which are indicative of a pristine condition and can thus be 
employed as indicators for detecting and monitoring departures from the natural state. The 
characteristics of the benthic macroinvertebrate fauna of an essentially pristine, seasonally-open estuary 
in Western Australia (Broke Inlet) have been determined and compared with those previously recorded 
for a nearby eutrophic, seasonally-open estuary (Wilson Inlet). Density was far lower in Broke than 
Wilson. Compositions differed radically at all taxonomic levels, with polychaetes contributing less, and 
crustaceans more, to the abundance in Broke. Average taxonomic distinctness was greater for Broke 
than both Wilson and 16 other temperate Southern Hemisphere estuaries, whereas the reverse was true 
for variation in taxonomic distinctness, emphasizing that Broke Inlet is pristine. 
 
Keywords 
Benthic macroinvertebrates, eutrophication, seasonally-open estuary, taxonomic distinctness, 
benchmark, southern hemisphere 
 
1.  Introduction 
The benthic macroinvertebrate communities of estuaries, which comprise mainly polychaetes, 
molluscs and crustaceans, perform vital functions in these systems, such as aiding in the decomposition 
of organic matter, the recycling of nutrients and the translocation of materials (Hutchings, 1998; 
Pearson, 2001; Pennifold and Davis, 2001; De Roach et al., 2002; Mermillod-Blondin, 2011; 
McLanaghan et al., 2011). They also provide an important food source for fish and avian predators 
(Kalejta and Hockey, 1991: Humphries and Potter, 1993; Platell et al., 2006). A range of studies, the  1 
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3 
vast majority of which were undertaken in permanently-open systems, have demonstrated that the 
density, number of species and species composition of the benthic macroinvertebrate faunas of 
estuaries vary seasonally and with water depth in both the Northern Hemisphere (cf Engle and 
Summers, 2000; Ysebaert et al., 2003; Hale, 2010) and Southern Hemisphere (Jones, 1987; 
Kanandjembo et al., 2001; Teske and Wooldridge, 2001; Dallas, 2004). 
Anthropogenic activities have frequently had such a detrimental effect on estuaries that these 
systems have become regarded as the most degraded of all aquatic environments (Jackson et al., 2001). 
The extent of such degradation can be gauged from the characteristics of their benthic macrofauna 
(Weisberg et al., 1997; Borja et al., 2000; Wildsmith et al., 2009). Thus, for example, when an estuary 
becomes eutrophic the density of benthic macroinvertebrates often increases, whereas the number of its 
species declines (Gray et al., 2002; Karlson et al., 2002; Gray and Elliott, 2009). Degradation also often 
leads to a change in the species composition of this fauna, with the prevalence of polychaetes 
increasing and those of taxa that are more sensitive to environmental perturbations, such as molluscs 
and more particularly crustaceans, undergoing a decline (Pearson and Rosenberg, 1978; Warwick and 
Clarke, 1993; Dauvin and Ruellet, 2007; Wildsmith et al., 2009, 2011). In addition, environmental 
perturbations are often accompanied by a reduction in the taxonomic spread of species, reflecting the 
fact that the species represent fewer families, orders, classes and phyla (Warwick and Clarke, 1995, 
1998; Leonard, et al., 2006). The use of average taxonomic relatedness or distinctness as a measure of 
the taxonomic spread of species, and thus biodiversity, has the advantage over traditional biodiversity 
measures in that, while it is sensitive to the effects of anthropogenic disturbances, it is not strongly 
influenced by natural environmental factors and does not depend on sampling effort (Warwick and 
Clarke, 2001; Leonard, et al., 2006). 
In the Northern Hemisphere, the AZTI marine biotic index (Borja et al., 2000, 2003; Borja and 
Muxika, 2005; Muxika et al., 2012; Teixeria et al., 2012) has proved useful in evaluating the ecological 
condition of estuarine and coastal waters. This index is based on scoring benthic macroinvertebrate  1 
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4 
species according to their known sensitivities to environmental perturbations, thus enabling an average 
score to be obtained for assemblage as a whole. Unfortunately, so little is known of the relative 
sensitivities of such species in the Southern Hemisphere (Edgar and Barrett, 2002) that this approach is 
impracticable in this region at the present time. 
The estuaries of south-western Australia, like many of those in southern Africa, contain a short 
and narrow entrance channel, which opens into a large basin area that is fed by tributary rivers (Day, 
1980; Chuwen et al., 2009; Potter et al., 2010). The estuaries on the lower west coast of Australia, such 
as the Peel-Harvey and Swan-Canning estuaries, are permanently-open to the ocean (Hodgkin and 
Hesp, 1998). In contrast, most estuaries on the extensive southern coast of Western Australia, such as 
the Broke and Wilson inlets, become closed during the dry months of the year through the formation of 
sand bars at their mouths (Lenanton and Hodgkin, 1985; Chuwen et al., 2009). 
Although the estuarine catchments on the south coast have not become as urbanized as those 
surrounding the Peel-Harvey and Swan-Canning estuaries, many of the systems on this coast, such as 
Wilson Inlet, have become eutrophic through run-off from surrounding agricultural land (Lukatelich 
et al., 1987; Brearley, 2005). In contrast, Broke Inlet, which is located ~90 km to the east of Wilson 
Inlet and has a similar morphology and the same area as that system, is regarded as essentially the only 
pristine estuary along the extensive south-western coast of Australia reflecting its location within a 
National Park (Brearley, 2005). 
The only detailed study of benthic macroinvertebrate communities in estuaries on the south 
coast of Western Australia was that undertaken in 1989/90 by Platell and Potter (1996) in the eutrophic 
Wilson Inlet, which contains large areas of the macrophyte Ruppia macrocarpa (Lukatelich et al., 
1987; Carruthers et al., 1999; Dudley et al., 2001). That study demonstrated that the benthic 
macroinvertebrate fauna in that estuary was dominated by polychaetes and that its composition in 
nearshore, shallow and offshore, deeper waters differed (Platell and Potter, 1996).  1 
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During the present study, the benthic macroinvertebrate faunas at sites throughout the shallow 
and deeper waters of the essentially pristine Broke Inlet were sampled seasonally to provide baseline 
data for the characteristics of this fauna, which were then compared with those derived by Platell and 
Potter (1996) for the eutrophic Wilson Inlet. The resultant data and comparisons enabled the following 
hypotheses to be tested. 1) The species richness, density, taxonomic distinctness and species 
composition of benthic macroinvertebrate fauna in Broke Inlet differ among seasons and water depths. 
2) In terms of contribution to overall abundance, the proportion of crustaceans is higher in the Broke 
than Wilson inlets, whereas the reverse is true for polychaetes. 3) The density of benthic 
macroinvertebrates is less in Broke Inlet than in the eutrophic Wilson Inlet, whereas the reverse is true 
for diversity, as measured by taxonomic distinctness. 
Finally, the values for taxonomic distinctness of the benthic macroinvertebrate fauna in the 
essentially pristine Broke Inlet are compared with those for three other south-western Australian 
estuaries and 13 estuaries in southern Africa, which are likewise located in a temperate region and 
some of which at least are known to suffer from environmental perturbations (Teske and Wooldridge, 
2001). 
 
2. Materials and Methods 
2.1. Sampling regime in Broke Inlet 
Broke Inlet, which is located at ~35 °S, 116° 30′ E on the south coast of Western Australia and 
lies entirely within the D’Entrecasteaux National Park (Brearley, 2005), is 15 km long, up to 4 km wide 
and has a surface area of 48 km
2 (Hodgkin and Clark, 1989; Chuwen et al., 2009). The entrance 
channel, which is 3.5 km long and 250 m wide, typically becomes closed to the sea during summer and 
autumn by a sand bar (up to 500 m wide and 1.8 m above sea level) that is formed by marine sediment, 
which accumulates through littoral drift and tidal action (Brearley, 2005). The bar is typically breached 
either naturally or artificially in winter or early spring, when the water level in the estuary increases  1 
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markedly as a result of the heavy rainfall that occurs at that time of the year (Chuwen et al., 2009). 
While the substratum of the estuary is largely unvegetated, there are small areas of Ruppia megacarpa 
and Lamprothamnium papulosum. 
Benthic macroinvertebrates were sampled at sites spread throughout the nearshore, shallow 
(< 1 m depth) and offshore, deeper (1-4 m depth) waters of Broke Inlet (see Chuwen et al. [2009] for 
maps showing the morphology and location of Broke Inlet). The 20 sites in shallow waters and 12 sites 
in deep waters were sampled seasonally between the Austral summer of 2007/8 and spring of 2008. 
Three randomly-located cores of sediment were collected from each site on each sampling occasion, 
using a cylindrical corer that was 11 cm in diameter and sampled to a depth of 15 cm. The sediment 
samples were preserved in 5% formalin buffered in estuary water and subsequently wet sieved through 
a 500 μm mesh. Using a dissecting microscope, the invertebrates were removed from any sediment 
retained on the mesh, identified to the lowest possible taxonomic level (usually species) and stored in 
70% ethanol. The number of each macroinvertebrate taxon in each sample was converted to a density, 
i.e. number of individuals 100 cm
-2. 
Salinity and water temperature at each site on each sampling occasion were recorded using a 
Yellow Springs International Model 556 water quality meter (Ohio, USA). In addition, two replicate 
cylindrical sediment cores (3.57 cm in diameter and 10 cm in depth) were collected at each site on each 
sampling occasion to determine the compositions of the sediment grain sizes and the amount of 
particulate organic matter (%POM) in the sediment in each core (see Hourston et al. [2009] for a full 
description of the methodology). The percentage contributions to the sediment of the various 
Wentworth grain size fractions (Wentworth, 1922) are as follows; < 2,000 μm (gravel); 1,999-1,000 
μm (very coarse sand); 999-500 μm (coarse sand); 499-250 μm (medium sand); 249-125 μm (fine 
sand); 124-63 μm (very fine sand) and < 63 μm (silt). 
 
2.2. Sampling regime in Wilson Inlet  1 
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Wilson Inlet has a short entrance channel and consists mainly of a large basin occupying the 
same area as Broke Inlet, i.e. 48 km
2 (Chuwen et al., 2009). In contrast to Broke Inlet, however, the 
eutrophic Wilson Inlet contains large and dense stands of the aquatic macrophyte Ruppia megacarpa 
(Lukatelich et al., 1987; Dudley et al., 2001). Six replicate samples of  benthic macroinvertebrates were 
collected from four sites in nearshore, shallow waters (< 1 m depth) and two sites in offshore, deeper 
waters (1-5 m depth) in both the upper and lower regions of Wilson Inlet in each season between the 
winter of 1989 and autumn of 1990 (Platell and Potter, 1996). 
Although the corers used for sampling benthic macroinvertebrates in Wilson Inlet were 
essentially the same as that employed in Broke Inlet, the mesh size of the sieve used to extract the 
fauna was 1 mm rather than 0.5 mm as in the Broke Inlet study. During the first season of sampling, 
however, the data derived using the 1 mm mesh were compared with those obtained employing the 
0.5 mm mesh. For this purpose, 10 cores were taken from each sampling depth in each region and 
sieved through the 0.5 mm mesh and then 1 mm mesh. The organisms retained by the two sieves were 
sorted, counted and weighed. The 1 mm mesh contained all of the species and, on average, nearly 75% 
of the individuals and 98% of the biomass retained on the 0.5 mm mesh. 
The sand bar in the entrance channel of Wilson Inlet was breached in July 1989 and the mouth 
of this estuary remained open until March 1990 and then became closed until July in 1990.  
 
2.3. Analyses of environmental variables and faunal compositions in Broke Inlet 
All statistical analyses were performed using the PRIMER v6 multivariate statistics software 
package (Clarke and Gorley, 2006) with the PERMANOVA
+ add-on (Anderson et al., 2008). Note that 
the influence of site was not considered in the various analyses of data for the basin of Broke Inlet 
because the focus of the study was to determine whether the environmental and biotic variables 
differed between seasons and water depths and recgonised that conditions typically did not vary 
markedly among sites at any particular time.  1 
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The mean values for salinity, water temperature and %POM were used to construct separate 
Euclidean distance matrices, as were those for the number of species, density (individuals 100 cm
-2) 
and average quantitative taxonomic distinctness (Δ
*) of benthic macroinvertebrates in each replicate 
core collected in Broke Inlet. The latter three biotic variables were all calculated using the DIVERSE 
routine. Each of the above six matrices were subjected to two-way crossed Permutational Multivariate 
Analysis of Variance (PERMANOVA) to determine whether each of the above environmental or biotic 
variables was related to season and/or water depth and the extent of any interactions between these 
main effects, both of which were considered fixed. Prior to subjecting the data for each dependent 
variable to PERMANOVA, the extent of the linear relationship between the log-transformed mean and 
standard deviation for each of the various sets of replicate samples for each of the environmental and 
biotic variables was examined. This approach was used to determine whether the data for each variable 
required transformation to meet the test assumption of homogenous dispersions among a priori groups 
and, if so, then to identify the appropriate transformation required (Clarke and Warwick, 2001a). When 
any of the above variables differed significantly among seasons and/or water depths, a pairwise 
PERMANOVA test was employed to elucidate where those differences lay. In all of the above and 
other subsequent tests, the null hypothesis that a priori groups do not differ significantly was rejected if 
the significance level (P) was < 5% 
A multivariate approach was used to determine the extent of any differences in sediment grain 
size composition among seasons and/or water depths by subjecting, to the above two-way 
PERMANOVA design, a Euclidean distance matrix constructed from the square-root transformed 
mean contributions of each grain size fraction at each site in each season. 
For multivariate analyses of faunal composition, the density of each benthic macroinvertebrate 
species in each replicate sample from each of the 20 shallow and 12 deep sites in each season were 
averaged and fourth-root transformed.  These data were then used to construct a Bray-Curtis similarity 
matrix, which was subjected to the same two-way PERMANOVA design as described above for the  1 
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univariate analyses to determine whether there was a significant interaction between season and water 
depth and, if so, to determine the extent of its importance in relation to each of the main effects. 
The above Bray-Curtis similarity matrix was next subjected to a two-way crossed Analysis of 
Similarities test (ANOSIM; Clarke and Green, 1988), to identify whether species composition differed 
between seasons and/or water depths. The Global and pairwise R statistic values were then employed to 
elucidate the extents of the differences among seasons and water depths overall and between their 
various levels, respectively. The magnitude of the R statistic typically ranges between 1, when the 
compositions of the samples within each group are more similar to each other than to that of any of the 
samples from other groups, down to about ~0, when within-group and between-group similarities do 
not differ (Clarke and Gorley, 2006). When species composition differed significantly among seasons 
and/or water depths, the two-way crossed Similarity Percentage routine (SIMPER; Clarke and Gorley, 
2006) was used to elucidate which species were most responsible for typifying and distinguishing 
between the faunas of the relevant a priori group(s).  
A non-metric multidimensional scaling (nMDS) ordination plot was used to visualise the 
extents to which species composition differed among the four seasons and/or two water depths and to 
highlight the basis for any interactions that were identified by PERMANOVA as existing between 
those main effects. This ordination plot was constructed by calculating the distances between each pair 
of group centroids, i.e. an average, in the ‘Bray–Curtis space’, of the compositions of replicate samples 
within each group (Anderson et al., 2008; Lek et al., 2011). The plots, which thus display low-
dimensional approximations of the pattern of group centroids in the full-dimensional space, are 
subsequently referred to as centroid nMDS ordination plots. 
 
2.4. Comparisons between faunal compositions in the Broke and Wilson inlets 
As the mesh size used to extract the benthic macroinvertebrates from the core samples obtained 
from Wilson Inlet (1 mm) differed from that used for those collected from Broke Inlet (0.5 mm), it was  1 
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10 
inappropriate to employ a Bray-Curtis similarity matrix derived from the densities of each species in 
those estuaries to compare the compositions in those two systems. However, as a preliminary study 
showed that each species collected on the 0.5 mm mesh in Wilson Inlet was represented in the samples 
obtained using the 1 mm mesh (see Section 2.2.) it was considered appropriate to make such 
comparisons using a matrix constructed from the presence or absence of each species across all cores 
collected from the shallow and deep waters in each season in each estuary. These data were thus used 
to construct a Bray-Curtis similarity matrix, which was then subjected to nMDS ordination and a one-
way ANOSIM test to visualize and determine, respectively, the extent of any differences in the species 
compositions of the benthic macroinvertebrate faunas of the Broke and Wilson inlets. These analyses 
were repeated using the presence or absence of each species aggregated to genus, family, order, class 
and phylum to explore the extent to which any faunal differences at the species level were manifested 
at higher taxonomic levels. 
 
2.5. Taxonomic distinctness; comparisons between Broke Inlet and other Southern Hemisphere 
estuaries 
Average taxonomic distinctness (Δ
+) and variation in taxonomic distinctness (Λ
+) were used to 
explore the extent to which the diversity of the benthic macroinvertebrate fauna in Broke Inlet differed 
from that in Wilson Inlet and other Southern Hemisphere estuaries for which appropriate data have 
been published. Δ
+ is a measure of the average spread of species across higher taxa, while Λ
+ is a 
measure of the evenness of the spread of species across higher taxa. A low Δ
+ and/or high Λ
+ usually 
indicates that the fauna has responded to environmental perturbation (Warwick and Clarke, 1995, 2001; 
Clarke and Warwick, 2001b). 
The above matrix, constructed from the presence or absence of each species in each water depth 
in each season in both the Broke and Wilson inlets (see Section 2.4), was subjected to TAXDTEST to 
determine the ‘expected’ value and 95% probability limits for Δ
+ and Λ
+ in random subsamples of  1 
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different numbers of species drawn from the full suite of 73 species across both estuaries. These data 
were used to construct funnel plots, onto which the measured values of Δ
+ and Λ
+ for each water depth 
in each season in the Broke and Wilson inlets were superimposed, to compare values for each estuary 
and to test for any significant departures from expectation (Warwick and Clarke, 2001). As Δ
+ and Λ
+ 
are independent of both the number of species and sampling methodology and provide a good 
indication of whether biotic assemblages are responding to anthropogenic disturbances (e.g. Warwick 
and Clarke, 1995; Leonard et al., 2006), the implications of these plots are considered useful for 
assessing the extent to which Wilson Inlet has suffered degradation (i.e. eutrophication) compared with 
the essentially pristine and nearby Broke Inlet. 
A full list was collated for all benthic macroinvertebrate species recorded in the seasonally-open 
Broke and Wilson inlets (Table 3), the permanently-open Swan-Canning and Peel-Harvey estuaries in 
both 1986/7 and 2003/4 (Wildsmith et al., 2009, 2011) and six permanently-open and seven 
temporarily-open estuaries in the south-eastern region of South Africa in 1998/9 (calculated from 
Table 3 in Teske and Wooldridge [2001]). These estuaries (other than Broke Inlet) are the only 
microtidal estuaries in the temperate regions of the Southern Hemisphere for which the raw species 
lists, required to calculate taxonomic distinctness indices were available in refereed journals. The 
presence or absence of each of these species in each estuary was then used to calculate Δ
+ and Λ
+ for 
each estuary, which were superimposed on funnel plots of the ‘expected’ value and 95% probability 
limits for Δ
+ and Λ
+, based on the full list of 218 species. 
 
3. Results  
3.1. Environmental conditions in Broke Inlet 
  PERMA
NOVA showed that water temperature, salinity, %POM and sediment grain size were all significantly  1 
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related to water depth and that the first two variables were also related to season (Table 1). There was 
also a significant season x depth interaction for water temperature. Mean water temperatures were 
greatest in summer and spring (Fig. 1a). They were greater in shallow than deep waters in both of these 
seasons, but not in autumn and winter, which helps explain the season x depth interaction for this 
environmental variable. The maximum and minimum means for seasonal water temperatures were, 
respectively, the 20.5 °C recorded in shallow waters in spring and the 14.9 °C recorded in shallow 
waters in winter. The mean seasonal salinity, which was always greater in deep than shallow waters, 
declined progressively from summer to spring, with the highest value of 38.5 being recorded in deep 
waters during summer and the lowest of 10.7 in shallow waters during spring (Fig. 1b). 
The mean %POM (± 95% CL) of 1.3 (± 1.0) in the sediments of shallow waters was far less 
than the corresponding value of 8.7 (± 1.8) in those of deep water. Among the various Wentworth grain 
size fractions, the medium sand category was dominant in both shallow and deep waters, but made a 
greater contribution to the sediment in shallow water (Fig. 2). However, the next two most prevalent 
grain sizes, i.e. coarse and fine sand, made similar contributions to the sediments in both water depths. 
The relative amounts of the two finest grain sizes, i.e. very fine sand and silt, were less in shallow than 
deep waters (Fig. 2).  
 
3.2. Species richness and density 
The mean number of species, density and Δ
* in Broke Inlet, derived from data for the individual 
core samples of benthic macroinvertebrates, were significantly related to season (Table 2), with their 
mean values being greatest in summer (Fig. 3). The mean number of species in summer (4.9) differed 
significantly (P either 1.0 or 0.1%) from those in the other three seasons, which ranged only from 3.3 to 
3.8 (Fig. 3a) and were not significantly different (P > 5%) from one another. The mean densities 
ranged from 31.0 individuals 100 cm
-2 in summer down to 15.6 individuals 100 cm
-2 in winter 
(Fig. 3b), with that in summer being significantly greater than those in winter and spring (both P =  1 
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0.2%) and that in autumn also being significantly greater than that in spring (P = 0.3%). The mean 
values for Δ
* ranged from a maximum of 86 in summer down to a minimum of 64 in spring (Fig. 3c), 
with the value for summer being significantly greater than those in autumn (P = 2.4%) and spring (P = 
0.1%) and that for winter being significantly greater than that in spring (P = 2.2%).  
 
3.3. Ranking of species by abundance 
A total of 32 and 27 benthic macroinvertebrate species were recorded in the shallow and deep 
waters of Broke Inlet, respectively, compared with 41 and 31 species in the corresponding water depths 
in Wilson Inlet (Table 3). The density of macroinvertebrates derived for shallow and deep waters in 
Broke Inlet, i.e. 27.4 and 17.8 individuals 100 cm
-2, respectively, were far less than those derived for 
Wilson Inlet, i.e. 90.3 and 81.7 individuals 100 cm
-2, respectively (Table 3). Note that the densities for 
Wilson Inlet were greater even though they were derived using a 1 mm mesh sieve, rather than a 
0.5 mm mesh sieve as in Broke Inlet and would thus not have retained as many individuals (see Section 
2.2). 
In Broke Inlet, the same five species were the most abundant in both the shallow and deep 
waters, but differed to a small extent in their rank order (Table 3). Thus, the polychaete Capitella 
‘capitata’, which is a complex of sibling species (Grassle and Grassle, 1976; Hutchings, 2000), was the 
most numerous in shallow waters, while the crustacean Corophium minor was the most abundant in 
deep waters. The top five species contributed ~78% to the total number of benthic macroinvertebrates 
in both shallow and deep waters. All but one of the next 13 most abundant species in shallow waters 
were also found in deep waters and vice versa and no further species were even moderately abundant in 
both shallow and deep waters. 
Three of the five most abundant species in the shallow and deep waters of Broke Inlet were 
never recorded in either water depth in Wilson Inlet. These species were the crustaceans Corophium 
minor and Cyathura hakea and the polychaete Armandia intermedia. Furthermore, the seventh, eighth  1 
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and ninth ranked species in the shallow waters of Broke Inlet, i.e. the polychaete Leitoscoloplos 
normalis, the bivalve mollusc Fluviolanatus subtorta and the crustacean Melita matilda, which were 
also found in the deep waters of Broke Inlet, were never recorded in Wilson Inlet. The most numerous 
species in both the shallow and deep waters of Wilson Inlet was the polychaete Heteromastus 
filiformis, which contributed as much as 27 and 47% to the numbers of individuals in those water 
depths, respectively, and yet was never recorded in Broke Inlet (Table 3). Furthermore, in Wilson Inlet, 
the gastropod mollusc Hydrococcus brazieri ranked third in shallow waters, the polychaete Boccardia 
chilensis ranked fourth in shallow waters and equal fifth in deep waters and the polychaetes 
Oriopsis sp. ranked fourth and Nephtys sp. equal fifth in deep waters, respectively, and yet were not 
recorded in Broke Inlet. However, as in Broke Inlet, Capitella ‘capitata’ was abundant in Wilson Inlet, 
ranking second and third in shallow and deep waters, respectively. 
 
3.4. Faunal composition in Broke Inlet 
  PERMANOVA demonstrated that there was no significant interaction between season and 
water depth in the case of the species composition of benthic macroinvertebrates in Broke Inlet (P = 
43.8%; Table 4). A two-way crossed ANOSIM demonstrated that composition was influenced by both 
season and water depth (P = 0.1 and 0.8%, respectively). However, the global R statistic for both 
season (0.15) and water depth (0.10) were low, reflecting, in part, the large variability in faunal 
composition across the cores. The comparisons between the compositions in each pair of seasons were 
significantly different (all P = 0.1%), apart from for summer vs autumn and for winter vs spring, with 
the R statistics for all significant pairwise comparisons ranging from 0.183 to 0.235.  
  On the centroid nMDS ordination plot shown in Fig. 4, the points for the samples from shallow 
and deep waters in both summer and autumn lie well to the left of those for both water depths in winter 
and spring. Furthermore, the points for the samples from shallow waters lie above those for deep waters 
in all seasons.  1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
15 
SIMPER demonstrated that seasonal differences were related to changes in the densities of 
A. intermedia, with this polychaete species being consistently present in moderate densities in summer 
and autumn and not being recorded in either winter or spring. Although Ceratonereis aequisetis 
typified the benthic macroinvertebrate faunas in each season, it was most consistently abundant in 
summer. Greater densities of the latter species were also important in distinguishing the faunas in 
shallow from deeper waters, whereas the reverse was true for Prionospio cirrifera.  
 
3.5. Comparisons between faunal compositions in the Broke and Wilson inlets 
Following nMDS ordination of the matrix derived from the presence/ absence data for each 
benthic macroinvertebrate species in the shallow and deeper waters of the Broke and Wilson inlets in 
each season, the samples for the two estuaries formed very tight groups that were widely separated on the 
resultant plot (Fig. 5). This implication that the species compositions of the Broke and Wilson inlets were 
very different is confirmed by the value of 1.0 for the Global R statistic for such inter-estuarine 
comparisons. The faunal compositions in the two estuaries remained distinct at higher taxonomic levels, 
including even phylum (Fig. 5). While the faunal composition in shallow and deep waters in Wilson Inlet 
remained distinct at all taxonomic levels, except in the case of species, such a distinction was only clearly 
apparent at the species and order levels in Broke Inlet (Fig. 5).  
 
3.6. Taxonomic distinctness; comparisons between Broke Inlet and other Southern Hemisphere 
estuaries 
Although the mean number of species in each season was greater in shallow than deep waters in 
both the Broke and Wilson inlets, and markedly so for the latter estuary, the values of 
+ do not likewise 
differ  between those depths in either estuary (Fig. 6a). As indicated by the funnel plot shown in Fig. 6a, 
all values of 
+ for Broke Inlet fall on or below the expected mean for 
+ based on the regional species  1 
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pool, but within its 95% probability limits, whereas, the corrsponding values for Wilson Inlet all fall 
below the lower of the 95% probability limits. The Λ
+ funnel plot for the Broke and Wilson inlets shows 
essentially the reverse of the 
+ pattern, with the values for Broke Inlet being less than those for Wilson 
Inlet and lying within the 95% probability limits of the funnel, while those for all but one of the Wilson 
Inlet data points lie above the upper limit (Fig. 6b). The above trends demonstrate that the benthic 
macroinvertebrate fauna in Broke Inlet is fully representative of the regional species pool, whereas the 
taxonomic spread and evenness of the faunas in Wilson Inlet are significantly less than expected for the 
region.  
When 
+ was calculated from presence/ absence data for the combined species list for the 
seasonally-open Broke and Wilson inlets, the permanently-open Swan-Canning and Peel-Harvey 
estuaries elsewhere on the lower west coast of Australia and 13 estuaries in temperate South Africa and 
displayed as a funnel plot, that for Broke Inlet was found to be the highest and the only one above the 
simulated mean (Fig. 7a). Likewise, the value of Λ
+ in Broke Inlet is exceptional in that it is the lowest 
and the only one below the simulated mean (Fig. 7b). It is also particularly noteworthy that the values 
of 
+ or Λ
+ do not differ consistently between permanently and temporarily-open estuaries (Figs 7a, b). 
 
4. Discussion 
As benthic macroinvertebrates are relatively sedentary and the abundances of their different 
taxa vary greatly in their responses to anthropogenic changes, the characteristics of their communities 
are particularly useful in providing a guideline of the state of health of aquatic ecosystems (e.g. Pearson 
and Rosenberg, 1978; Borja et al., 2000; Wildsmith et al., 2009, 2011). The development of baseline 
characteristics of the benthic macroinvertebrate fauna of an estuary, which can be used as a benchmark 
for assessing whether deleterious changes have occurred or are likely to occur in another estuary in the 
same region, require that this estuary has not been subjected to deleterious anthropogenic perturbations, 
e.g. eutrophication, contamination and/or physical disturbance. As Broke Inlet is located in a National  1 
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Park, and thus in an area where the catchment has not been cleared, this estuary is free from the input 
of contaminants or pollutants from surrounding urban and agricultural areas (Brearley, 2005) and 
thereby ensures that this system falls in this category. The biological characteristics determined for 
Broke Inlet, which are indicative of this pristine condition, can therefore be employed as indicators for 
detecting and monitoring departures from the natural state. It is also important to know, however, 
which of these features can be applied regardless of estuary type, e.g. permanently or seasonally-open 
to the ocean, and also region.   
The present study on Broke Inlet is the first to determine the characteristics of the benthic 
macroinvertebrate fauna of an essentially pristine and seasonally-open temperate estuary that are based 
on data obtained from seasonal sampling of nearshore, shallow and offshore, deeper waters located 
widely throughout the system. The resultant data thus provide sound baseline information for such an 
estuary,  which can then be used to assess the influence of anthropogenic changes on other estuaries of 
the same type in the same region, and which have occurred in Wilson Inlet ~90 km to the east of Broke 
Inlet. 
Although the mean number of species, density and 
* of the benthic macroinvertebrate fauna of 
Broke Inlet underwent significant seasonal changes, the magnitude of those differences were small. 
The highest values for each of these biotic characteristics were recorded in summer and were least in 
either spring or winter. It is thus hypothesized that the relatively high values for species richness and 
density in summer are due to the recruitment that would result from many benthic macroinvertebrate 
species spawning in spring and summer, as has been shown to occur in Wilson Inlet (Gaughan and 
Potter, 1995). Furthermore, a congener of the polychaete Ceratonereis aequisetis, the second most 
abundant species in Broke Inlet, spawns in spring and early summer in south-eastern Australian 
estuaries (Glasby, 1986). The fact that the polychaete Armandia intermedia was relatively abundant in 
summer and autumn, but was not present during winter and spring, is consistent with this species 
typically being found only when salinities are high (Hutchings and Murray, 1984). However, the small  1 
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seasonal differences in species richness, density and diversity that were detected in this study must 
partly reflect the fact that some of the abundant species, such as Capitella ‘capitata’ and Arthritica 
semen, spawn throughout the year and can tolerate a wide range of salinities (Warren, 1976; Wells and 
Threlfall, 1982a).  
The above differences in the seasonal abundances of some species help account for the small 
seasonal differences in species composition in Broke Inlet. The differences between benthic 
macroinvertebrate composition in nearshore, shallow and offshore, deeper waters were also significant, 
presumably reflecting, in part, the appreciable differences in %POM. Differences in this variable have 
been shown to be accompanied by variations in the species composition of benthic macroinvertebrate 
faunas (Gray, 1974). However, as with season, the depth differences in composition were small, partly 
reflecting the fact that the five most abundant species were the same in shallow and deep waters and 
contributed as much as 78% to the number of individuals in both water depths. The lack of a marked 
difference in species composition is probably due to the sediment grain size, which is known to 
influence faunal composition (e.g. Sanders, 1958; Gray, 1974; Teske and Wooldridge, 2003), not 
differing markedly between water depths and to the relatively small difference between the depths 
sampled in nearshore and offshore waters, i.e. ~3 m. It is relevant, however, that Prionospio cirrifera, 
which distinguished the fauna in the deep from shallow waters,  also occurs in greater densities in the 
deep than shallow waters of the Swan-Canning Estuary (Kanandjembo et al., 2001) and is commonly 
found in deeper waters of the open sea in Europe (Appeltans et al., 2011). From the above, it follows 
that, like the situation in Wilson Inlet (Platell and Potter, 1996), the composition of the benthic 
macroinvertebrate fauna of Broke Inlet undergoes small changes with both season and water depth. 
 
4.1. Comparisons between the compositions and densities of the faunas in the Broke and Wilson inlets 
The densities and percentage contributions of the various benthic macroinvertebrate species, 
together with the multivariate statistical analyses that employed the presence or absence of each  1 
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species, demonstrated that, irrespective of season and water depth, the faunal compositions of the 
Broke and Wilson inlets were very different and that these differences were maintained at all 
taxonomic levels, including even phylum. The crustaceans Cyathura hakea and Corophium minor were 
relatively abundant in Broke Inlet but not found in Wilson Inlet, while the polychaete, Heteromastus 
filiformis, which is an indicator of organic enrichment (Pearson and Rosenberg, 1978), was confined to 
Wilson Inlet, within which it was the most abundant species. Strikingly, arthropods, which consisted 
entirely of crustaceans, were proportionately far more abundant among the benthic macroinvertebrates 
in Broke Inlet (26.6% in shallow water and 36.1% in deep water) than Wilson Inlet (0.9% in shallow 
water and 0.4% in deep water), a trend consistent with this phylum being more sensitive to the effects 
of eutrophication (Warwick and Clarke, 1993; Dauvin and Ruellet, 2007; Wildsmith et al., 2009). The 
greater proportion of annelids, primarily polychaetes, among the total numbers of individuals in Wilson 
Inlet (70.6% in shallow water and 91.3% in deep water) than in Broke Inlet (62.4% in shallow water 
and 57.4% in deep water) is also consistent with the ability of polychaetes to thrive in eutrophic and 
disturbed environments (Rosenberg, 1972; Reise, 1982; Dauvin and Ruellet, 2007).  
The proportionately greater abundance of molluscs in Wilson Inlet (23.4% in shallow water and 
4.4% in deep water) than in Broke Inlet (4.6% in shallow water and 1.1% in deep water) appears 
anomalous, as the species in this phylum are typically sensitive to the effects of eutrophication 
(Warwick and Clarke, 1993). However, the especially large contribution of molluscs to the fauna in the 
shallow waters of Wilson Inlet was due, in particular, to the small gastropod Hydrococcus brazieri, 
which was never found in Broke Inlet. Thus, for a mollusc, this species must be particularly tolerant of 
the effects of organic enrichment. Such a view is consistent with its presence in a wide variety of 
estuaries throughout southern Australia (Wells and Threlfall, 1981; Semeniuk and Wurm, 2000), many 
of which are suffering from the effects of eutrophication (McComb and Davis, 1993). Indeed, during a 
period of extreme eutrophication in the Peel-Harvey Estuary, the densities of this species ranged up to  1 
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10,000 m
-2 (Wells and Threlfall, 1982b). This suggests that this species could be a candidate for an 
indicator of pollution, at least in terms of nutrient enrichment. 
Any comparison of the densities of benthic macroinvertebrates derived from core samples for 
the Broke and Wilson inlets must take into account the fact that the mesh size used in the latter estuary 
was larger, i.e. 1 vs 0.5 mm, and thus retained ~25% less individuals (Platell and Potter, 1996). It is 
thus highly relevant that, rather than yielding a lower density, the estimates derived for Wilson Inlet 
were far greater than those for Broke Inlet (Table 3). This difference is illustrated by the mean density 
derived for the shallow waters in Wilson Inlet (90.3 individuals 100 cm
-2) being several times greater 
than that derived for Broke Inlet (27.4 individuals 100 cm
-2), and the same was true for the deep waters 
of those two estuaries, i.e. 81.7 vs 17.8 individuals 100 cm
-2, respectively. Correspondingly large 
differences between the density estimates for the two estuaries were also present in each season, which 
is consistent with elevated densities being a symptom of eutrophication (Gray et al., 2002; Karlson 
et al., 2002). There is thus no doubt that, as hypothesized, the densities of benthic macroinvertebrates in 
the essentially pristine Broke Inlet were far less than in the eutrophic Wilson Inlet. Furthermore, the 
mean density in the shallow waters of Broke Inlet (27.4 100 cm
-2) is far lower than those recorded in 
the same water depths in the permanently-open Peel-Harvey and Swan-Canning estuaries on the lower 
west coast of Australia (Wildsmith et al., 2009, 2011) and that in the Gippsland Lakes in south-eastern 
Australia (Poore, 1982), all of which are eutrophic and/or disturbed (Davis and Koop, 2006). 
 
4.2. The utility of species richness and taxonomic distinctness in assessing environmental degradation 
As species richness measures are confounded by their dependence on sampling method and effort, 
the number of individuals sampled, estuary size and environmental heterogeneity, they are not 
particularly useful in evaluating the extent to which an estuary has suffered degradation. Although the 
Broke and Wilson inlets are similar in many respects, i.e. size, morphology, salinity regime and extent of 
connectivity with the ocean, the benthic environment in Wilson Inlet is more heterogeneous, containing  1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
21 
extensive areas of bare sand, seagrass and rubble (Platell and Potter, 1996). It is thus difficult to predict 
whether species richness would be greater in the Broke or Wilson inlets. It might be expected that, 
because it is eutrophic, Wilson Inlet would contain fewer species than the essentially pristine Broke Inlet 
(Gray et al., 2002; Karlson et al., 2002). The fact that species richness was greater in both the shallow 
and deep waters of the Wilson than Broke inlets goes against this paradigm, which is probably due to the 
former estuary having a more heterogeneous environment. Species richness alone cannot thus be 
regarded as a good indicator of the relative levels of degradation in these estuaries, which, although 
similar in their morphology and hydrology, differ to some extent in some other aspects of their 
environmental conditions. Indeed, in Tasmania, species richness was not found to differ between 
estuaries with low or high population densities in their catchments (Edgar and Barrett, 2000). The 
situation becomes further confounded when comparing estuaries which, unlike the Broke and Wilson 
inlets, differ in their size, morphology, hydrology and/or degree of connectivity to the ocean. Thus, for 
example, both the density and species richness of estuaries with different degrees of connectivity to the 
ocean have been found to differ significantly in both South Africa (Teske and Wooldridge, 2001) and  
south-eastern Australia (Dye and Barros, 2005; Dye, 2006). 
Taxonomic distinctness measures, on the other hand, are independent of sample size and are less 
influenced by the effects of natural environmental variations than species richness measures, but are 
sensitive to anthropogenic perturbations (Leonard et al., 2006). This is exemplified by the fact that, 
although the number of species in Broke Inlet is consistently greater in shallow than deep waters in all 
seasons, the values of 
+ do not differ appreciably between these two depths. In all seasons and water 
depths, 
+ values for Broke Inlet
 fall within the range of expected values, based on the null model 
postulating that the species present are a random selection from the regional species pool. The values 
for 
+ in Wilson Inlet, however, fall below the 95% probability limits of the 
+ funnel, indicating that, 
in these terms, biodiversity is significantly reduced compared with the null expectation. The Λ
+ funnel  1 
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plot for the Broke and Wilson inlets shows essentially the reverse of the 
+ pattern, with the values for 
Broke Inlet being less than those for Wilson Inlet and lying within the 95% probability limits of the 
funnel and those for all but one of the Wilson Inlet data points lying above the upper limit. Low 
variation in 
+ signifies a relatively even distribution of lower taxa across higher taxa, whereas a high 
value of 
+ results from some lower taxa having disproportionately high or low representation among 
higher taxa (Clarke & Warwick, 2001b). Thus, this additional measure similarly indicates that 
biodiversity is significantly less in the Wilson than Broke inlets. It is thus considered important that the 
values for 
+ and
 Λ
+ should both fall within these expected limits to meet the criteria for an unperturbed 
estuary in the same region. The fact that the values of 
+ and Λ
+ in Broke Inlet are the highest and 
lowest, respectively, among the full suite of 17 Southern Hemisphere estuaries analysed provides 
convincing evidence that Broke Inlet is particularly pristine. Furthermore, the fact that the values of 
+ 
or Λ
+ do not differ consistently between permanently and seasonally/temporarily-open estuaries 
provides further evidence that they are not influenced by estuarine type and, in this respect, differ from 
the situation with species richness and density. Thus, the use of the above taxonomic measures has the 
great advantage of enabling comparisons to be made between estuaries of different types. The above 
comparisons thus imply that, irrespective of estuary type, these taxonomic measures for the benthic 
macroinvertebrate fauna in Broke Inlet could be used as a benchmark against which the condition of 
other microtidal estuaries in temperate regions of the southern hemisphere can be evaluated. This could 
be achieved by simply adding data for newly investigated estuaries to Fig. 7, employing the same 
taxonomic levels (species, genus, family, order, class and phylum) to calculate 
+ and Λ
+. On the other 
hand, other attributes of the benthic macroinvertebrate fauna known to be affected by estuary type, for 
example the relative proportions of certain higher taxa, can be used as a complimentary means for 
evaluating the conditions among estuaries of the same category in the same region and have the  1 
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advantage of identifying which particular taxa are responsible for distinguishing between the 
compositions of those systems. 
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List of Figures 
Fig. 1. Mean values ± 95% confidence limits (CLs) for (a) temperature and (b) salinity at the bottom of 
the water column in the shallow, nearshore and deep, offshore waters of Broke Inlet in each season 
between the Austral summer of 2007/8 and spring of 2008. Su, summer; A, autumn; W, winter and Sp, 
spring. Note that when CLs overlap, only the upper and lower limits are given for the greatest and 
smallest means, respectively. 
 
Fig. 2. Stacked bar graphs showing the percentage contributions of the various Wentworth grain size 
categories in the sediment of the shallow, nearshore and deep, offshore waters of Broke Inlet across all 
seasons between the Austral summer of 2007/8 and spring of 2008. 
 
Fig. 3. Mean values ± 95% confidence limits for (a) number of species, (b) density and (c) average 
quantitative taxonomic distinctness (Δ
*) of benthic macroinvertebrates in Broke Inlet in each season 
between the Austral summer of 2007/8 and spring of 2008. Su, summer; A, autumn; W, winter and Sp, 
spring. 
 
Fig. 4. Centroid non-metric Multidimensional Scaling (nMDS) ordination plot, derived from a distance 
among centroids matrix constructed from a Bray-Curtis similarity matrix of the densities of the various 
benthic macroinvertebrate species in nearshore, shallow and offshore, deep waters of Broke Inlet in 
each season between the Austral summer of 2007/8 and spring of 2008.  1 
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Fig. 5. Non-metric Multidimensional Scaling (nMDS) ordination plots, derived from a Bray-Curtis 
similarity matrix constructed from (a) presence/ absence data for each benthic macroinvertebrate 
species in nearshore, shallow and offshore, deep waters in each season in the Broke and Wilson inlets 
and (b-f) the corresponding matrices constructed from presence/ absence data for each species 
aggregated to higher taxonomic levels. The boxes in (a) and (b) contain enlargements of the 
distributions of the points for the two estuaries.  
 
Fig. 6. Funnel plots showing the ‘expected’ value of (a) average taxonomic distinctness (Δ
+) and (b) 
variation in taxonomic distinctness (Λ
+), derived from data for random subsamples of the suite of 73 
benthic macroinvertebrate species recorded in the Broke and Wilson inlets (dashed line), together with 
their upper and lower 95% probability limits (solid lines). The Δ
+ and Λ
+ of each water depth/season 
combination in each estuary has been plotted against the number of those species in each of those 
combinations. 
 
Fig. 7. Funnel plots showing the ‘expected’ value of (a) average taxonomic distinctness (Δ
+) and (b) 
variation in taxonomic distinctness (Λ
+), derived from data for random subsamples of the suite of 218 
benthic macroinvertebrate species recorded collectively in 17 southern hemisphere estuaries (dashed 
line), together with their upper and lower 95% probability limits (solid lines). The Δ
+ and Λ
+ of each 
estuary have been plotted against the number of those species in each of those combinations i.e. 1, 
Wilson Inlet; 2, Peel-Harvey (1986/7); 3, Peel-Harvey (2003/4); 4, Swan-Canning (1986/7); 5, Swan-
Canning (2003/4); 6, Kabeljous; 7, Van Stadens; 8, East Kleinemond; 9, Old Woman; 10, Mpekweni; 
11, Mtati; 12, Gqutywa; 13, Kromme; 14, Swartkops; 15, Sundays; 16, Kariega; 17, Great Fish and 17, 
Keiskamma. Table  1:  Pseudo  F-statistics  (pF),  components  of  variation  (COV)  and  significance  levels  (P)  derived  using 
PERMANOVA and employing Euclidean distance matrices constructed from data for the mean water temperature, 
salinity, %POM and sediment grain size from each site on each sampling occasion in each season between the austral 
summer of 2007/8 and spring 2008. df = degrees of freedom. Significant results are highlighted in bold. 
 
      Water temperature    Salinity      % POM    Sediment grain size 
  df  pF  COV  P    pF  COV  P    df  pF  COV  P    pF  COV  P 
Main effects                                   
   Season  3  87.13  0.015  0.1%    55.45  1.179  0.1%    3  1.00  0.001  39.5%    1.49  0.123  15.8% 
   Depth  1  10.66  0.001  0.2%    24.94  0.259  0.1%    1  59.77  0.356  0.1%    9.78  1.100  0.1% 
Interactions                                   
   Season x depth  3  5.17  0.002  0.3%    1.58  0.025  21.3%    3  1.74  0.018  16.6%    1.40  0.200  17.5% 
Residual  192    0.005      0.64  0.64      201    0.440        9.120   
Table(s)Table  2:  Pseudo  F-statistics  (pF),  components  of  variation  (COV)  and  significance  levels  (P) 
derived using PERMANOVA and employing Euclidean distance matrices constructed from data for 
the mean number of species, density (individuals 100 cm
-2) and average quantitative taxonomic 
distinctness (Δ
*) in core samples from each site on each sampling occasion in each season between 
the austral summer of 2007/8 and spring 2008. df = degrees of freedom. Significant results are 
highlighted in bold. 
 
 
 
 
      Number of species    Density     Δ
* 
  df  pF  COV  P    pF  COV  P     pF  COV  P 
Main effects                         
   Season  3  7.04  0.507  1.0%    4.67  0.51  0.5%    5.24  75.690  0.2% 
   Depth  1  2.52  0.064  10.7%    4.43  0.234  57.0%    0.36  -5.753  54.6% 
Interactions                         
   Season x depth  3  0.47  -0.089  72.1%    1.09  0.026  34.8%    0.25  -26.794  88.0% 
Residual  128    2.601        4.323        552.750   
Table(s)Table 3: List of the benthic macroinvertebrate species found in the shallow and deeper waters of the Broke and Wilson inlets sampled 
seasonally between the austral summer 2007/8 and spring 2008 and the austral winter 1989 and autumn 1990, respectively, together with 
the mean density 100 cm
-2 , standard deviation (SD), percentage contribution to the total number of individuals (%C) and ranking by 
abundance of each of those species (Rk). 
 
   Broke Inlet     Wilson Inlet 
  Shallow waters    Deep waters    Shallow waters    Deep waters 
Species    SD  %C  Rk       SD  %C  Rk       SD  %C  Rk       SD  %C  Rk 
Capitella ‘capitata’  7.36  16.05  26.87  1    3.19  7.21  17.93  2    17.11  17.89  18.94  2    3.89  6.88  4.76  3 
Ceratonereis aequisetis  6.08  10.28  22.21  2    2.66  4.73  14.96  3    3.95  10.35  4.37  5    0.40  0.80  0.49  14 
Corophium minor  3.61  10.14  13.17  3    3.45  13.00  19.39  1                     
Cyathura hakea  2.37  4.19  8.64  4    2.42  4.07  13.58  4                     
Armandia intermedia  1.91  3.65  6.98  5    2.24  4.85  12.56  5                     
Pontomyia sp.  1.18  3.11  4.30  6    0.62  1.67  3.50  8    1.89  4.59  2.09  9    0.72  2.04  0.88  13 
Leitoscoloplos normalis  0.93  1.64  3.41  7    0.93  1.82  5.20  6                     
Fluviolanatus subtorta  0.74  2.69  2.69  8    0.02  0.15  0.12  19                     
Melita matilda  0.69  3.07  2.54  9    0.25  0.83  1.38  11                     
Prionospio cirrifera  0.55  3.76  2.01  10    0.74  3.60  4.15  7    1.63  2.67  1.80  11    15.96  17.26  19.54  2 
Arthritica semen  0.47  1.91  1.73  11    0.07  0.34  0.41  14    3.29  13.39  3.65  6           
Oligochaeta spp.  0.29  2.01  1.05  12                               
Paracorophium excavatum  0.22  0.98  0.81  13    0.08  0.35  0.45  12                     
Nemertea sp.  0.20  0.86  0.75  14    0.33  1.03  1.83  10    2.60  3.13  2.88  7    2.36  2.48  2.89  7 
Cirolanidae sp.  0.19  0.89  0.70  15    0.07  0.37  0.37  17                     
Palaemonetes australis  0.15  1.15  0.55  16    0.01  0.09  0.04  23    0.03  0.23  0.04  33           
Desdemona ornata  0.12  0.60  0.44  17    0.40  2.12  2.24  9                     
Capitellid sp.  0.06  0.47  0.21  18    0.04  0.23  0.20  18                     
Pseudopolydora sp.  0.05  0.42  0.19  19                               
Ceratopogonidae sp.  0.04  0.33  0.16  20    0.01  0.12  0.08  21                     
Sanguinolaria biradiata  0.04  0.20  0.14  20    0.07  0.49  0.41  14    0.32  0.53  0.35  23           
Grandidierella propodentata  0.04  0.31  0.14  20    0.08  0.45  0.45  12                     
Chironominae sp.(adult)  0.04  0.37  0.14  20                               
Ficopomatus enigmaticus  0.03  0.16  0.10  24    0.02  0.19  0.12  19                     
Bivalvia sp.  0.01  0.12  0.05  25    0.01  0.17  0.08  21                     
Nematoda spp.  0.01  0.09  0.03  25                               
Gastrosaccus sorrentoensis  > 0.01  0.07  > 0.01  27    0.07  0.29  0.41  14                     
Diptera sp.  > 0.01  0.07  > 0.01  27                               
Coquillettida sp.  > 0.01  0.07  > 0.01  27                               
Formicidae sp.  > 0.01  0.07  > 0.01  27                               
Rhizostomeae sp.  > 0.01  0.07  > 0.01  27                               
Salpida sp.  > 0.01  0.07  > 0.01  27                               
Xenostrobus inconstans            0.01  0.09  0.04  23    0.22  1.01  0.24  26    0.03  0.22  0.04  28 
Table(s)Table 3 Continued 
                                     
Prionospio sp. 2            0.01  0.09  0.04  23                     
Turbellaria sp.            0.01  0.09  0.04  23                     
Triplectides australis            0.01  0.09  0.04  23                     
Heteromastus filiformis                      24.74  19.73  27.39  1    38.75  39.82  47.43  1 
Hydrococcus brazieri                      12.52  16.86  13.86  3    0.40  1.40  0.49  14 
Boccardia chilensis                      7.02  13.31  7.77  4    3.52  5.74  4.30  5 
Scoloplos simplex                      2.42  2.22  2.68  8    1.28  2.18  1.56  9 
Branchiomaldane sp.                      1.75  3.09  1.94  10    0.96  2.69  1.18  11 
Nassarius burchardi                      1.60  2.07  1.77  12    1.00  2.03  1.22  10 
Neanthes vaallii                      1.47  2.17  1.62  13    0.31  1.02  0.38  17 
Spisula trigonella                      1.22  3.08  1.35  14    0.22  0.53  0.27  21 
Nephthys sp.                      1.09  2.20  1.20  15    3.52  3.17  4.30  5 
Oriopsis sp.                      1.04  2.46  1.16  16    3.64  10.17  4.46  4 
Anaitides longipes                      0.63  1.36  0.70  17    0.31  0.87  0.38  17 
Melita sp.                      0.54  1.78  0.60  18    0.23  0.87  0.28  20 
Tatea preissii                      0.53  1.93  0.59  19    0.06  0.30  0.08  25 
Podarke sp.                      0.51  1.35  0.57  20           
Xenostrobus pulex                      0.42  0.89  0.47  21    0.34  1.16  0.42  16 
Ceratonereis amphipodonta                      0.41  0.73  0.46  22    1.96  4.14  2.40  8 
Liloa brevis                      0.28  1.43  0.31  24    0.93  1.94  1.14  12 
Mytilus edulis planulatus                      0.27  0.63  0.30  25           
Haplostylus sp.                      0.20  0.74  0.22  27    0.12  0.42  0.15  23 
Katelysia scalarina                      0.15  0.63  0.17  28    0.06  0.30  0.08  25 
Irus crenata                      0.14  0.46  0.16  29           
Hydrobia buccinoides                      0.09  0.41  0.10  30    0.06  0.30  0.08  25 
Actinaria sp.                      0.07  0.25  0.07  31           
Tellina deltoidalis                      0.04  0.21  0.05  32    0.31  0.81  0.38  17 
Armandia sp.                      0.03  0.18  0.04  33    0.09  0.36  0.11  24 
Donax columbella                      0.03  0.18  0.04  33    0.03  0.22  0.04  28 
Sphaeroma sp.                      0.02  0.15  0.02  36           
Philine sp.                      0.01  0.10  0.01  37    0.16  0.55  0.19  22 
Macrobrachium intermedium                      0.01  0.10  0.01  37           
Copepoda sp.                      0.01  0.10  0.01  37           
Dosinia sculpta                      0.01  0.10  0.01  37           
Acari sp.                      0.01  0.10  0.01  37           
Arachnid sp.                                0.03  0.22  0.04  28 
Insecta sp.                                               0.03  0.22  0.04  28 
Mean total density (100 cm
-2)  27.4          17.8          90.3          81.7       
Total number of species  32          27          41          31       
Number of samples  240              144              92              48          
 Table  4:  Pseudo  F-statistics  (pF),  components  of  variation  (COV)  and 
significance levels (P) derived using PERMANOVA and employing the Bray-
Curtis similarity matrix constructed from data for the compositions of the benthic 
macroinvertebrate  species  in  core  samples  from  each  site  on  each  sampling 
occasion in each season between the austral summer of 2007/8 and spring 2008. 
df = degrees of freedom. Significant results are highlighted in bold. 
 
    df  pF  COV  P 
Main effects         
   Season  3  4.70  240.180  0.1% 
   Depth  1  5.07  132.240  0.1% 
Interactions         
   Season x depth  3  1.02  3.035  43.8% 
Residual  120    1948.500   
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